Introduction
The possibility of altering surface of polymer materials at room temperature and uniqueness of the modified surfaces are particularly appreciated with advantages of low-pressure plasma processing for the surface modification applications (Park and Kim, 1994; Inagaki et al., 1992) . Plasma surface modification of polymeric materials has been used to change the chemical composition, control the surface energy, modify the morphology, and surface topography. Surface modification of the polymeric powders from hydrophobic to hydrophilic has many potential applications such as adhesion improvement and biocompatibility Kim, 1994, 1997; Jung et al., 2001) . There is also another interest in decreasing the surface energy of polymer to create a Teflon-like surface, chemical inertness, low surface energy, non-wettable, excellent frictional properties, low permeability and good thermal stability (Corbin et al., 1985; Strobel et al., 1987; Park and Kim, 1999) .
The macroscopic properties of powders are strongly influenced by their surface properties thereby surface modification is an important issue in materials that used in powdery form. However, most of the plasma processing has been directed towards films and flat materials. However, since powder has a tendency to aggregate and a large surface area per unit mass that makes it difficult to handle, research works on fine powder treatment are comparatively sparse.
Behavior of powders in a plasma reactor can be classified as: (1) Static bed: dense bed of solids in which only minor plasma can be generated (Kuzuya, 1996) . (2) Moving bed: solid particles are slightly expanded by either mechanical agitation or gravitational force. Rotary drums can be used as a reactor with low energy plasma but powder dispersion is not satisfactory (Iriyama and Ikeda, 1994) . (3) Fluidized bed reactor: powders are suspended above the minimum fluidizing velocity and the plasma is generated in the upper part of a stationary bed (Inagaki et al., 1992; Matsukata et al., 1994; Park and Kim, 1994 . In all cases there are possible uncertainties of gas reactivity gradients and resulting in inhomogeneous treatment of powders (Bayer et al., 1998) .
Therefore, we have designed a CFB reactor for plasma surface modification of polymeric powders since the CFB reactor provides high gas-solid contact, less axial gas dispersion, easy control of solids circulation, less particle segregation and agglomeration (Grace and Bi, 1997) compared to a bubbling fluidized bed. In the present study, the effects of solid holdup, treatment time and rf power of CF 4 plasma on the surface property and chemical composition of HDPE powders have been determined in a circulating fluidized bed reactor (10 mm-ID × 850 mm-high, Pyrex glass).
Experimental

Reactor
A circulating fluidized bed reactor and accessory experimental facilities are shown schematically in Figure 1 . It consists of a CFB reactor with a gas-supply section, a vacuum pump and an rf plasma matching section. The CFB reactor was composed of a riser (10 mm-ID × 850 mm-high, Pyrex glass), cyclone, downcomer (22 mm-ID, Pyrex glass) and solids feeding system. In general, solids feeding can be controlled by mechanical valves. Typical mechanical valves are rotary, screw, butterfly and slide valves having moving parts for mechanical actuation to control solids flow rate. However, these valves cannot be easily employed under low-pressure conditions due to the sealing and mechanical problems. For applications for low-pressure system, the non-mechanical valves (loopseal, L-, J-, and V-valves) are commonly employed . The non-mechanical valves without moving parts can control the solid flow by aeration. The present reactor adopted a loop-seal for solids feeding and its flow rate by adjusting the aeration rate at the bottom of the loop-seal. During the operation, solid particles were entrained by up-flowing gas and the entrained particles from the riser were separated in a cyclone and flow back into the riser through a downcomer and a loop-seal.
The fluidizing gas was regulated and measured with a mass flow controller (MKS). The exit of the cyclone was connected to a vacuum pump. The system pressure was measured with a vacuum gauge (Granville-Phillips). The system pressure was maintained at 133 Pa during the plasma treatment. The plasma was generated at the upper region of the riser by coupling with a radio frequency (rf) of 13.56 MHz. An inductively coupled electrode (4.8 mm-OD copper tube, 12 turns) was connected to an auto-matching network and rf power supply (ENI power systems, ACG-5). To prevent overheating of the electrode, cooling water was supplied to the electrode.
Material
The high-density polyethylene (HDPE, d p = 231 µm, ρ s = 956 kg/m 3 ) powder was used as a specimen to be modified since HDPE is a convenient substrate to determine the change of surface property and to analyze the chemical composition of the modified surface. The solid inventory, I, was kept 45 g. The mixture of CF 4 (99.999%) and He (99.999%) as a reacting gas was used in the plasma surface modification.
Analysis
The surface properties of HDPE powders were respectively measured by XPS, IR and sorption property. The XPS spectra of the plasma treated HDPE powder were determined by a VG scientific ESCALAB MKII spectrometer using an Mg Kα photon source. The quantitative atomic surface composition was deduced from the numerical fits of the different experimental peaks in the XPS spectra. The IR spectra of the plasma treated HDPE powders were recorded on a Bomen FTIR spectrometer with a diffuse reflector. The sorption property of n-hexadecane on plasma treated HDPE powder was measured by a Kruss Processor Tensiometer K12. Procedures of the Washburn sorption method are as follows:
(1) One gram of HDPE powders was filled in a cylindrical glass holder of which one end was sealed with a glass filter. (2) The holder was tapped gently and kept the same height of the powders. (3) The holder was vertically fixed at a balance and the one end was contacted with the liquid in a beaker. (4) As the surface of the holder touched surface of the liquid, the liquid penetrated up into the column 
Results and Discussion
Solids behavior in the CFB
Particles in a CFB reactor have different age distribution over that in a bubbling fluidized bed. In the case of a bubbling fluidized bed, particles spend substantial time in the main reactor with continuous up and down motions. There is a defined upper surface of dense bed and freeboard regions (Grace and Bi, 1997) . Plasma is generated above the dense bed; thus plasma treatment is restricted only on the top surface of the dense bed with solids suspension in the freeboard region. On the other hand, particles in a CFB are entrained by a gas flow, collected by cyclone and pass through the reaction zone repeatedly via solids re-circulating. There is no distinguishable dense bed and plasma is generated in the dilute phase of solids in the riser. The difference in static head in the reactor governs the driving force for solids circulation.
Static pressures at four different heights in the reactor is shown in Figure 2 ; the bottom of the riser (RB), top of the riser (RT), bottom of the downcomer (DB), and the top of the downcomer (DT). The difference in the static head governs the driving force for the circulation of solids in this loop. In a circulating fluidized bed, the pressure in the loop should be balanced for stable operation.
The pressure drop across the downcomer can be expressed as 
where, ∆P d = P DB -P DT , ∆P ls = P DB -P RB , ∆P r = P RB -P RT and ∆P c = P RT -P DT . The circulation rate of solids (G s [kg/m 2 s]) can be controlled by proper adjustment of the loop-seal pressure balance. The pressure drop in the riser increases with increasing G s at a constant flow rate due to the increment of solid holdup (Cho et al., 1994) . Pressure drops across the cyclone and the loop-seal somewhat increase with increasing G s due to the increase of pressure loss with increasing G s (Grace and Bi, 1997) . The increase of the pressure drop in the downcomer is matched by similar increase of a pressure drop in the riser for pressure balance in the CFB loop.
It has been found that the hydrodynamics under a low-pressure condition exhibits similar fluidizing behavior to that under atmospheric pressure in the CFB. The effect of the system pressure on fluidization or hydrodynamic behavior of solids continues to be an interest for researchers from both practical and theoretical aspects. A limited number of investigations on the reduced pressure fluidization have been conducted respect to the pressurized system, they all indicated that fluidization below atmospheric pressure is feasible to operate the system (Noda et al., 1998; Morooka et al., 1990) .
Sorption properties of plasma-treated HDPE
powder Figure 3 shows the weight of penetrating liquid, n-hexadecane, into the HDPE column as a function of time (Strobel et al., 1987) . The untreated polyethylene powder exhibits higher liquid penetration than the treated ones. The weight of penetrated liquid increases linearly with time after touching the surface of liquid, and levels off. However, the plasma treated powder shows little liquid penetration. The total weight of penetration liquid depends on the plasma treated condition: 1.03 g for He plasma treated for 3 h, 0.93 g for untreated HDPE powder, 0.35 g for 20% CF 4 /He plasma treated powder at 150 W, 3 h and negligible amount for 20% CF 4 /He plasma treated powder for 200 W, 3 h. These results indicate that the CF 4 plasma treated HDPE powders in the circulating fluidized bed tend to have hydrophobic surface. Table 1 shows the comprehensive results of wicking rates and contact angles of the powders in the sorption measurement. Equation (1) indicates that the contact angle against the HDPE powder surface is a function of the wicking rate of liquid (m 2 /t) if the liquid property is constant. The wicking rate indicates the contact angle of n-hexadecane to the surface. The contact angles are estimated to be 25°, 34°, 78° and 86°f or He plasma treated powder, untreated, 20% CF 4 /He plasma treated at 150 W, for 3 h and 20% CF 4 /He plasma at 200 W, for 3 h, respectively. Consequently, it can be claimed that the CF 4 plasma treated HDPE powder in the fluidized bed produce a hydrophobic surface of HDPE powder. The relatively low contact angle of He plasma treated powder is due to the post reaction of long-lived free radicals formed during the plasma treatment with atmospheric oxygen or water vapor after removal of the powders from the vacuum state.
Chemical composition of plasma treated HDPE powder
The survey spectrum of HDPE powder treated by He plasma at a given operating condition is shown in Figure 4(a) . Typical XPS survey spectrum of the powder after CF 4 /He plasma fluorination in the circulating fluidized bed reactor at the same plasma condition is shown in Figure 4 (b). With He plasma treatment, the spectrum consists of C 1s , N 1s and O 1s peaks, which do not correspond to fluorine elements. However, large F peaks appear in the CF 4 /He plasma treated powder. In a plasma system, reactions consist of interactions of photons, electrons, ions and neutral metastables of atoms and molecules with the substrate. In the glow discharge, CF 4 gas decomposes to produce several reactive atoms and radicals, including F, CF, CF 2 and CF 3 (Corbin et al., 1985) . All of these reaction species can in principle interact with a substrate immersed in the glow (Clark and Feast, 1978; Anand et al., 1981) . It indicates that extensive fluorination occurs in the circulating fluidized bed reactor. XPS spectra can be acquired in a high-resolution mode from which atomic composition and molecular information can be extracted. Shifts in the exact position of the peaks may be resulted from a change in the chemical environment of the atom. Figure 5 shows the spectra of high-resolution mode of carbon, oxygen and fluorine elements, respectively. In Figure 5 (a), the F 1s spectrum is almost negligible and a small O 1s spectrum can be observed. Besides, the C 1s spectrum is sharp and symmetrical because the He plasma leads to less change in the chemical environment of carbon atom. The relatively high O 1s spectrum is due to the post reaction. As shown in Table 1 , the contact angle of n-hexadecane to the He plasma treated powder is lower than that of the untreated powder as observed in the XPS measurements. In Figure 5 (b), the F 1s spectrum sharply increases and the C 1s spectrum is asymmetric because of the surface fluorination. Fluorine tends to shift the observed carbon peak (C 1s ) to higher binding energy due to its high electronegativity (Park and Kim, 1998) . The relative peak areas of carbon, fluorine and oxygen elements are varied with the experimental conditions. A representative high resolution C 1s spectrum of the fluorinated HDPE powders in the circulating fluidized bed reactor is shown in Figure 6 . The reactive species in the CF 4 plasma react with surface of HDPE to give a substantial amount of fluorine incorporation. In the C 1s peaks resulting from the changes in the chemical environment of carbon atoms, six different peaks are identified. Inagaki et al. (1993) reported that the C 1s of HDPE powders is decomposed into six components that appear at 285.0 (CH groups), 286-287.2 (CH-CF or C=O groups), 288.8-289.4 (CF groups), 291.0-291.8 (CF 2 groups), 292.1-292.8 (CF 2 -CFn groups) and 293.3 eV (CF 3 group). It has been reported that the CF 4 plasma treatment of the polymer surface leads to the formation of CF, CF 2 and CF 3 groups (Clark and Feast, 1978; Anand et al., 1981; Park and Kim, 1998) . The functional groups of CF 2 and CF become dominant with a relative proportion in the C 1s feature, and the CF 3 group also reaches a certain amount. The presence of CF and CF 2 groups can be explained by H substitution and chain scissions whereas, those of CF 3 by grafting (Hochart et al., 1999) . Yagi et al. (1982) observed that radicals of F and CF 3 would be expected to predominate and to react with the HDPE surface in the CF 4 discharge.
The IR spectra for the polyethylene powders coated with unsaturated fluorine plasma polymers (Inagaki et al., 1993) exhibits characteristic absorption at near 1250 cm -1 , due to C-F stretching vibration, but the fine structure of the fluorine functionalities such as CF, CF 2 and CF 3 groups that could not be determined. In this study, the FTIR technique is not sensitive enough to detect any indices relative to the fluorination process.
Effects of experimental variables
Solid circulation rate (G s ) is a unique operating variable in the CFB system and it varies with pressure difference across a loop-seal of the reactor and directly related to solid holdup in the riser where the plasma reaction occurs.
Solid holdup, the volume fraction of solids, is defined as
where, ∆P riser , L, ε g , ρ s , ρ g are pressure difference across the riser, (P RB -P RT ), length of the measuring height, gas holdup, solid density, and gas density, respectively.
The stability of plasma can be negatively affected by interactions of particles and plasma (Jung et al., 2001) . Particles may directly absorb rf energy or they could collide with excited gas species, namely reduce the number of electrons and its density. When solids concentration gets too high in the reactor, large parts of plasma volume can be eroded so that plasma could be extinguished (Bayer et al., 1998) . The fluorine atomic contents and contact angle of n-hexadecane against the 20% CF 4 /He plasma treated HDPE powders as a function of solid holdup are shown in Table 2 . The plasma condition was kept at 200 W, 34 cm 2 , and 3 h. As can be seen, solid holdup (ε s ) is below 0.0033, fluorine content on the surface of HDPE powders reaches almost 54%, which means that the surface becomes fluorine rich. The contact angle and fluorine content decrease with increasing solid holdup above 0.0033. This may be attributed to low efficiency of the plasma actions on each powder due to the short contact time between the powders and the plasma. When solid holdup is 0.0065, the volume of plasma glow is reduced appreciably and the contact angle of the treated HDPE powders changes slightly even with an increase in the treatment time. Further increase in the solid holdup in the riser, the plasma glow becomes unstable and leads consequent extinction of the plasma.
The effect of rf power on the atomic percent of surface contents based on the XPS spectra is shown in Figure 7 . At a given operating condition, fluorine atom percent of surface contents increases with rf power, however, the reaction reaches a maximum fluorination and then levels off after 200 W. The obtained maximum fluorine coverage in the circulating fluidized bed is about 54% compared to 61% in the bubbling fluidized beds Kim, 1998, 1999) . Fluorine contents are mainly composed of CHF-CH 2 , CHF-CHF and CF 2 groups, which indicate the CF 4 plasma makes fluorine rich on the HDPE powder surface. It is well known that ablation and the reaction take place simultaneously in the glow environment. Also, plasma modification by fluorine plasma is a sum of two mechanisms, namely, degradation and fluorination (Poncin-Epaillard et al., 1997) . These reactions seem to be competitive and parallel and the rates of degradation and fluorination are dependent on rf power. These two parameters apparently reach steady states under a certain reaction condition. The surface oxygen and nitrogen contents are constant as the reaction proceeds. The oxygen and nitrogen come from the impurities in the feed gas, atmospheric leaks in the vacuum system and etching of the reactor wall. Most of the oxygen impurities react with the polymer surface in the early stages of the reaction and subsequently etched away as the ablation processes (Park and Kim, 1999) . Anand et al. (1981) reported that the level of fluorination is varied insignificantly at the power range of 25-100 W. The change of energy coupled with the plasma may result in changes of energetic of the plasma species including electrons, ions and radicals. An increase in rf power would accelerate the reaction and other plasma substrate processes such as ion-assisted etching.
The experimental variables such as rf power, gas flow rate and treatment time are known to influence the plasma surface treatment of polymer films. The polymer surface is modified by combination of many reactions. The factor of this surface modification depends on the degree of these reactions proceeding on the surface. The composite parameter [(W/FM)t] which is the total energy input for all the reactions occur in the gas phase, i.e. plasma, where W, F, M and t are the input rf power, flow rate of reaction gas, molecular weight of reaction gas, treatment time, respectively (Park and Kim, 1994 Jung et al., 2001) . The composite parameter means total energy input on the surface modification and would be an important guideline to predict the plasma surface modification process. Therefore, it may predict a transition point from the energy-deficient region to the energy-sufficient region where good surface modification of the powders can be achieved Kim, 1998, 1999) . The composite parameter would be an important factor to control the surface modification. Since the composite parameter is a good measure to determine the effect of total energy input on the surface modification, Figure 8(a) shows the fluorine atomic percentage as a function of the composite parameter. The fluorine atomic percentage increase with an increasing parameter up to 1,300 and 2500 GJ·s/ kg-gas, respectively. Thereafter it remains constant where the rates of degradation and fluorination apparently reach steady states under these reaction conditions.
The reactions may occur via interactions of active species in the gas phase and solid surface. Particles may directly absorb rf energy or they could collide with excited gas species. The solid fraction in the plasma glow volume is directly related to the surface modification. However, the composite parameter [(W/FM)t] does not include the effect of solid loading. Thus, it should be considered the solid loading during the surface treatment reaction.
The dimensionless solid loading, m, is defined as:
where, G s , ρ g and U g are the solid circulation rate [kg/m 2 s], density of the gas [m 3 /s] and the superficial gas velocity [m/s], respectively. The parameter m means the ratio of the overall solid and gas mass fluxes (Louge et al., 1999) . Figure 8(b) shows the F atomic contents as a function of [(W/FM)t]/m that represent the total energy input for solid loading. As can be seen, the F atomic contents increase with an increasing [(W/FM)t]/m up to 19.8 GJ·s/kg-solid, thereafter it remains constant.
Conclusion
Fluidization behavior in a circulating fluidized bed under vacuum is similar to that at atmospheric pressure. Solid holdup in the plasma reaction zone mainly governs the stability of the plasma glow and surface property of the HDPE powders. The formation of fluorine functionalities including CHF-CH 2 , CHF-CHF and CF 2 groups reaches 54% of the total carbon elements, respectively. The present CFB reactor can be utilized to modify the polymeric surface from hydrophilic to hydrophobic with energy efficiency. 
